I. INTRODUCTION
The observations of Zwicky [1] and Rubin and Ford [2] demonstrate the existence of dark matter, and therefore have set the motion for an intensive theoretical and experimental search to determine the nature and composition of this new kind of matter. The detection of dark matter is crucial to solve some of the actual cosmological problems. Our present knowledge of the Universe supports the notion that it is composed by ordinary matter, dark matter (DM) and dark energy (DE) . The amount of barionic density matter can be determined with great accuracy (5%) [3] [4] [5] , and the fractions of the other components amount to 23% (DM) and 72% (DE). An electrically neutral WIMP is the most probably candidate for DM. The estimates of the mass of the WIMP vary from 1 GeV to 10 TeV [6] , though this range may be reduced to values of the order of 3 GeV to 20 GeV [7] , it interacts weakly and gravitationally with the ordinary matter but does not interact electromagnetically and/or strongly with other particles.
It is assumed that the DM in the Galactic Halo is composed mostly by WIMP with velocities which obey MaxwellBoltzmann distribution function [8] . As a consequence of the Earth motion around the Sun, a time variable flux of dark matter (annual modulation) might be detected and from it some properties of the WIMP may be experimentally determined.
There are several efforts to measure the annual modulation of the WIMP's signal, that is experiments which aim at its direct detection [9, 10] like DAMA [11, 12] , CRESST [13] , CoGeNT [14, 15] , CDMS [16, 17] , XENON [18] , SABRE [28] , DM-ICE [29] , and experiments based on indirect detection methods [19, 20] like IceCube [21] , ANTARES [22] , Fermi-LAT [23] , HESS [24] , among others.
Because of the extremely low signal-to-noise rates, direct-detection experiments need to be performed in lowbackground conditions. Therefore, they are located in underground laboratories, and these experiments measure the recoil-energy deposited by WIMP interacting with the atomic nuclei of a detector. To confirm a positive signal, it is important to collect data with the same kind of detectors in two or more different laboratories since, as we shall show, the diurnal modulation of the amplitude of the signal depends on the location of the laboratory.
Although diurnal modulation of dark-matter signals may be very difficult to measure, if it is observed the difference between data collected in northern and southern locations could help to refine the parameters used to characterize the dark matter. More importantly, a directional detector showing a different declination angle to the WIMP-wind between northern and southern locations would probe the signal to be caused by dark matter [45] .
In this work we compare the response of two existing detectors, a NaI based detector (DAMA) and a Ge-type detector (CoGeNT), both located in the northern hemisphere, with the response of similar detectors ideally located in the ANDES laboratory, which will be built in the province of San Juan, Argentina, under the mountains at a deep of 1700 m (about 5000 m.w.e) [25] [26] [27] . Then, we focus on a similar comparison between NaI-based detectors: (SABRE) [28] to operate in a southern location (SUPL, Australia) and DM-ICE [29] in the South Pole.
The paper is organized as follows. In Section II we describe the formalism needed to compute annual and diurnal modulation rates. In Section III we demonstrate the dependence of the diurnal modulation with the location of the detector, and make the comparison between ANDES and the other places. Our conclusions are drawn in Section IV.
II. FORMALISM
The interactions between WIMP and a nucleus of the detector cause the recoil of the nucleus, at the rate (recoil-rate) [6] 
where
M+mχ is the reduced mass of the system, M is the mass of the nucleus, m χ is the mass of the WIMP, θ is the dispersion angle, ρ χ = 0.3 GeV cm −3 is the local mass-density of dark matter, f ( v, t) is the WIMP velocity-distribution, and v is the WIMP velocity with respect to the detector. The cross section is written
In the previous equation, q = √ 2M E nr is the momentum transferred to the nucleus, σ 0 is the cross section at q = 0, and F (q) stands for the nuclear form factor.
By defining the mean inverse-velocity
the recoil rate of Eq. (1) reads
A. Halo component
In order to obtain the velocity distribution of the WIMP, we have assumed that the model for the DM halo is the Standard Halo Model [30] , and, therefore, the velocity distribution is calculated from the truncated MaxwellBoltzmann distribution [6, 31] 
where N is a normalization factor given by
erf [x] is the error function, v esc and v 0 are the escape velocity and the velocity of the Sun, respectively, and their values are v esc = 544 km/s [32] and v 0 = 220 km/s [31] . By adding the laboratory-velocity ( v lab ), the integral of the Eq. (3) becomes
After integration, the mean inverse-velocity η is written
In the previous equation, v min is the WIMP minimal velocity needed to produce the recoil of a nucleus, and its value is [33] 
B. Laboratory velocity
Since the laboratory, that is the detector, is located at a given position (φ 0 , λ 0 ) on Earth, being (φ 0 , λ 0 ) the latitude and longitude of the site, respectively, we should determine its velocity considering the motion of the Earth and the motion of the Sun, thus, we write
where v G ⊙ is the Sun's velocity with respect to the Galactic System, which is the system of coordinates where the x-axis is pointing to the Galactic Center and the z-axis is pointing to the Galactic North Pole. It can be written as the sum of the peculiar velocity of the Sun with respect to the Local Standard of Rest (LSR), v G ⊙ = (9, 12, 7) km/s [34] , and the LSR's velocity v LSR = (0, 220 ± 50, 0) km/s [34] . Both velocities are defined using vector-components relative to the Galactic System of coordinates. The term v ⊕ (t, t ′ ) is the sum of the orbital velocity of the Earth v rev (t) and the rotational velocity v rot (t ′ ). The time t is expressed in sidereal days, and t ′ in sidereal hours. For the mean orbital-velocity we adopt the value: v ⊕ rev = 29.8 km/s [34] , and the value of the orbital (annual)-velocity is given by the expression
In the previous equation w rev is the orbital frequency, t eq is the sidereal time of March-equinox and, in the Galactic System, 
In Fig. 1 we show the components of the orbital velocity as a function of sidereal time. The Earth rotational (day)-velocity is written as
where v ⊕ rot = V equ cos(φ 0 ), and V equ = 0.4655 km/s is the value of the rotational velocity in the Equator [34] . The frequency is w rot and t 0 is the time associated to the laboratory longitude λ 0 . Respect to the Galactic System of reference the vectors ε In Fig. 2 we show the components of the rotational velocity as a function of sidereal time for labs in the northern and southern hemisphere, that is the LNGS in Italy [34, 35] , which is the location of DAMA [34] and SUL in USA, which is the location of the CoGeNT detector [36] , in the north, and ANDES [25-27, 37], SUPL, which is the place of the SABRE detector in Australia [28] , and the South Pole, which is the place of DM-ICE [29] in the south, respectively. The coordinates of each site, longitude and latitude, are listed in Table I With the previous definitions, of the orbital and rotational velocities, the laboratory velocity can be written as
.6712 and β d = 3.9070 rad [34] .
In Figures 3 and 4 we show the laboratory velocity, for each site, as function of the sidereal time. The curves in Fig. 3 do coincide, apparently, but if the time-scale and the velocity values are depicted in smaller steps, they differ from each other, as shown in Fig. 4 . 
C. Nuclear form factor
We have considered the spin-independent cross section
where Z is the proton number, A − Z the neutron number, f p and f n are the proton and neutron coupling factors. The nuclear form-factor can be defined as [38] 
where ρ(r) is the nuclear density
and where a ≃ 0.65 fm, R 0 = 1.12A In order to obtain an analytic expression of the form factor we have performed the expansion of sin(qr), in Eq.(17), leading to
The integral of the last expression can be divided into two integrals by expanding
and writing
After these replacements the form factor, Eq.(19), reads
The form factor obtained using a Woods-Saxon density is similar to the empirical form factor of Helm [40] F H (q) = 3e
where s ≃ 0.9 fm, r 
D. Annual and diurnal modulation rates
We can write the recoil rate in terms of the annual and diurnal modulation rates as
where the annual modulation is given by
and the diurnal modulation is
The average modulation amplitudes are defined as
for recoil energies in the domain (E 1 , E 2 ).
III. RESULTS
We have adopted best-fit values, of the WIMP mass and cross-section, which have been reported by the existing collaborations, in order to compute DM signals measured by a detector located in ANDES laboratory.
As we can see from Eq. (25), the recoil-rate depends on the location of the detector. The phase of the diurnal modulation amplitude,
wrot − t 0 of Eq. (23), depends on the longitude of the experimental site, while the latitude changes the value of the amplitude of the diurnal modulation. Because of this dependence with the coordinates of the laboratory, we present same predictions of the average diurnal modulation amplitude, for NaI-and Ge-type detectors placed in ANDES [26] , and compare the results with the values corresponding to the labs of the northern and southern hemispheres. In all cases we shall present the results for the calculated signals, without making explicit comparisons with experimental data, because the aim of the calculations is to show the advantage (or disadvantage) of ANDES's locations respect to the other places.
A. NaI detector
In order to compute the average diurnal modulation amplitude, we use the parameters obtained in Ref. [6, 42] , that is m χ = 11 GeV, and σ SI 0 = 2 × 10 −14 fm 2 , and calculate the recoil of the Na nuclei. In Figure 5 we show the results for the diurnal modulation amplitude, as a function of the nuclear recoil energy, for the interaction of WIMP with the Na nuclei of the detector. As one can notice, the diurnal modulation amplitude is larger for the detector in ANDES, compared to the calculated signals for the other labs which operate NaI detectors. As mentioned before, the annual modulation amplitude will be the same for experiments performed in different laboratories. The comparison of data and theoretical results requires a correction to the recoil energy. The energy that the detector measures, E, and the nuclear recoil, E nr , are related by a quenching factor, Q, such that E = QE nr , where the actual value of the quenching factor depends on the type of detectors. For the NaI-type detector the quenching factor is Q N a = 0.3 [43] . In Figure 6 we present the diurnal modulation as a function of the sidereal time (in days) for an energy E = 2 keV. As one can see, there exists a noticeably shift between the calculated signals. The amplitude of the modulation is larger for the case of the ANDES laboratory, compared with the results corresponding to LNGS and South Pole detectors, and it is quite comparable for ANDES and SUPL. Figure 7 shows the total recoil-rate, at the minimum, for a longer period of time, and for E nr = 2 keV. It is seen that the values corresponding to ANDES are systematically larger than those of the other locations, and that there is a shift, more pronounced for SUPL, between the calculated signals. In Figure 8 we present results for the average modulation amplitude as a function of the energy. The values corresponding to ANDES are larger than the LNGS and South-Pole ones, and they are of comparable magnitude respect to the Australian site (SUPL). To give an idea about the effects on the measurements, that is the difference in counts due to the location of the detector, in Table II The energy-dependence of the diurnal modulation-amplitude, for experiments at SUL and ANDES, is shown in Figure 9 . The calculations have been performed accounting for the recoil of Ge, and using the parameters given in Ref. [44] , that is m χ = 10 GeV, and σ SI 0 = 10 −15 fm 2 . Also for this type of detectors, the diurnal modulation amplitude is larger for the detector placed in ANDES. To determine the average diurnal modulation amplitude we use the quenching factor for Ge, Q Ge = 0.2 and the response function [42] ǫ (E) = 0.66 − E 50 keV ,
to perform the integral of Eq. (27) . In Figure 10 we show the diurnal modulation contribution to the recoil rate as a function of the sidereal time (in days) for an energy of E = 2 keV. As it is seen from the figure it exists a shift between the signals and the amplitude is larger for the detector placed at ANDES. Figure 11 shows the recoil-rate, at the maximum and for an energy E nr = 2 keV. In Figure 12 we present the results for the SUL and ANDES sites for the average modulation amplitude as a function of the recoil energy. As it is seen from this figure, at the maximum, the results for ANDES are larger by a factor of the order of 1.29, respect to the results of SUL. 
IV. CONCLUSIONS
In this work we have calculated observables associated to the scattering of WIMPs by nuclei, like amplitudes for diurnal and annual modulations and recoil-rates. We have considered two different detectors, NaI and Ge, and we have shown that, for the best-fit values of the WIMP mass and cross section, the diurnal modulation amplitude depends on the location of the detector on the Earth. We have compared the expected signals, for both type of detectors and taken the coordinates of existing underground facilities, with those of a WIMP detector to be located in the Agua Negra Deep Experimental Site (ANDES underground laboratory). We found that the value of the average diurnal modulation, for NaI and Ge detectors placed in ANDES, will be larger than the values obtained for detectors placed in other labs. The enhancement favouring ANDES location correlates with the rate of the latitude's cosine of the sites.
